ABSTRACT In this paper, we deal with the intersymbol interference (ISI) cancellation problem induced by the faster-than-Nyquist (FTN) signaling. In the traditional FTN signaling, the detection delay at the receiver depends on the number of states of the ISI trellis. In this case, the corresponding Viterbi algorithm or the BCJR algorithm would be far too complex and introduce a huge delay when the ISI tap set is large. In this paper, we propose a novel interference cancellation scheme to combat the ISI for the FTN communication system which enables the parallel computations. Our proposed scheme adopts a pre-coding at the transmitter and a decomposition detection at the receiver. Particularly, with the help of the parallel computations, the running time of our proposed scheme is independent of the ISI trellis, which allows the application of a more severe FTN system with a smaller time acceleration factor. Besides, based on the pre-coding scheme and the decomposition detection, an adaptive transmission strategy is developed, which can improve the performance of the proposed scheme dramatically. Finally, we compare our scheme with the offset BCJR algorithm and the offset Viterbi algorithm benchmarks. The simulation results verify that our scheme can outperform previous decoders with a better bit error rate and a much less delay.
I. INTRODUCTION
Recently, as one of the techniques to increase the spectral efficiency, the faster-than-Nyquist (FTN) signaling has attracted a lot of attention in the bandwidth-starved world [1] - [4] . Different from the classical scenario applying T -orthogonal pulse shape, in the FTN signaling, the usual data bearing pulses are sent faster which violates the Nyquist rate and consequently are no longer orthogonal. Mazo showed [5] that there is no loss in minimum Euclidean distance when reducing the symbol time to 0.802T for ideal sinc pulses. The same phenomenon has been observed for other pulse shapes [6] , whose corresponding minimum Euclidean distances can also be computed accordingly [7] , [8] .
Since the Nyquist rate criterion is used for zero intersymbol interference (ISI), the communication system with the FTN signaling have inevitable and intentional ISI. To solve this ISI problem, additional interference cancellation process is required, which results in an increase in the receiver detection delay and is one of important practical issues of FTN stated in [1] . As a traditional ISI cancellation technique, the classical maximum likelihood sequence estimation (MLSE) [9] can provide the optimal performance. However, MLSE is computationally prohibitive in the FTN signaling due to the severe ISI.
Motivated by the above fact, two basic methods to reduce the receiver detection delay as well as the complexity are reported in the literature. The first approach aims to reduce the search of the ISI trellis, e.g., the M -BCJR algorithm [10] , [11] , whose detection delay is linear with the information block length. However, the delay still increases exponentially with the constellation size and the ISI tap set size. Moreover, to achieve a better performance by using the M -BCJR algorithm, it is necessary to search an optimized whitening filter for each channel realization by simulations. On the other hand, since the considerable trellis reduction is possible without the significant error rate loss, the second approach is to reduce the size of the ISI trellis to simplify the detection as far as possible. Generally, the detection delay is related to the performance. This type of approaches includes the offset Viterbi algorithm (VA) [12] , [13] and the offset BCJR algorithm [14] , [15] , where a set of offset symbols is associated with each ISI state with the reduced space. Because it is convenient for the offset VA and the offset BCJR algorithm to adjust the ISI state space, they are used as performance benchmarks to compare with the proposed scheme.
In this paper, we propose a novel parallel computational intersymbol interference cancellation scheme for the uncoded FTN system. The contribution of this paper is two-fold. Firstly, we develop a pre-coding scheme at the transmitter. With the perfect knowledge of the pre-coding matrix, the receiver can perform a simple yet optimal decomposition detection such that the original channel is decomposed into independent parallel sub-channels without any ISI. It can be shown that the delay of our proposed scheme is independent of the ISI trellis. Although the detection delay of method in [16] is also irrelevant to the ISI trellis, different from our proposed scheme, the ISI cannot be eliminated totally in [16] . This property allows us to deal with the severe ISI incurred by the FTN with a small time acceleration factor. A similar pre-coding method is presented in [17] for the non-orthogonal frequency division multiplexing system. However, a maximum likelihood detector is employed at the receiver in [17] , whose dimension is exponential with the transmitted block length. Thus, the incurred detection delay is still huge when the block length is large. Fortunately, in our scheme, all the symbols can be detected as simple as the hard demodulation. Secondly, instead of transmitting information symbols evenly over each sub-channel, we rearrange the transmission according to the state information of these sub-channels adaptively. Particularly, our criterion is to guarantee the minimum distance of the transmitted signals as large as possible to improve the performance without increasing the transmission power. A suboptimal algorithm is developed to realize the aforementioned adaptive transmission. Simulation results verify that our scheme can outperform benchmarks significantly with a much less delay.
The rest of this paper is organized as follows. In Section II, the system model is described and the proposed parallel computational intersymbol interference cancellation scheme is derived. The novel adaptive transmission strategy is developed in Section III. In Section IV, the performance of the proposed scheme is analyzed and the simulation results under various settings are presented. Finally, the conclusion of the entire paper is drawn in Section V.
II. PARALLEL COMPUTATIONAL INTERSYMBOL INTERFERENCE CANCELLATION SCHEME FOR FTN A. SYSTEM MODEL
We investigate a strongly band limited communication system with the FTN signaling, i.e., the linear modulation with a baseband pulse s (t) according to
where E s is the average energy of modulation symbols, {a n }, n = 0, 1, 2, . . . , N M , is a sequence of modulated symbols with zero mean and unit variance, which is generated from the independent and identically distributed information sequence {b n }, n = 0, 1, 2, . . . , N I . We remark that both the fixed and the adaptive modulation scheme can be used in this scenario.
In (1), s (t) is a T -orthogonal pulse with the unit energy, i.e., ∞ −∞ |s (t)| 2 dt = 1. Different from the orthogonal signaling system, there is a factor τ , which can be viewed as a time acceleration factor since the pulses are sent faster by a factor 1/τ . Here, τ ranges between 0 and 1. If τ < 1, the ISI pattern arises from the FTN signaling and the transmission rate increases as τ decreases. If τ = 1, the receiver does not suffer from the ISI since the pulse is T -orthogonal. An additive white Gaussian noise (AWGN) channel follows x (t). Then the received signals can be written as
where h is the channel coefficient between the transmitter and the receiver, and w (t) is zero-mean Gaussian noise with twosided power spectral density of N 0 /2 per dimension. The general receiver structure of the FTN system can be shown as follows:
Matched filter → Sample at nτ T → Allpass filter B (z) → {y n } → Detect {a n } → {b n } Two types of matched filters are applied in the FTN system. In the first case, the matched filter is matched to the whole pulse s (t), as in the whitened matched filter (WMF) receiver [15] . However, due to the fact that many of the interesting s (t) are zero in certain spectral regions, the WMF is not well defined. In the second case, the matched filter is matched to a shorter basis pulse φ (t). Usually, this basis pulse φ (t) is orthogonal to τ T . Since the filtered noise samples will be automatically white [1] , [11] , the second type of matched filter is more attractive. We remark that this white property of the filtered noise samples is due to the fact that the matched filter is τ T -orthogonal. Throughout this paper, we will concentrate on this type. In practice, for φ (t), we simply take s (t) whose bandwidth is scaled by τ , i.e., √ 1/τ s (t/τ ). After the processing at the matched filter and the sampler, the received noisy continuous FTN signal is converted to a discrete-time sequence.
Finally, the allpass filter B (z) is used to shorten the impulse response length, and implement the minimum phase requirement for the ISI tap set. Then, the signaling is reduced to a VOLUME 5, 2017 convolution of the transmitted symbol {a n } and the ISI tap set {r n } plus the Gaussian noise, that is
where y n and w n are the n-th sampled received signal and the noise, respectively. Let m T denote the cardinality of the ISI tap set. Consequently, we can build a 2 m T −1 -state trellis for the FTN signaling. When τ is not too small, the resulted VA and BCJR are feasible. But under severe FTN, the trellis is gigantic and no variant of the full VA or BCJR is practical with this ISI.
B. PROPOSED INTERSYMBOL INTERFERENCE CANCELLATION SCHEME
In this subsection, we propose a simple yet optimal intersymbol interference cancellation scheme, which adopts a precoding at the transmitter and a decomposition detection at the receiver. For the purpose of convenient illustration, we present our scheme in the matrix form as follows. First of all, at the transmitter, the sequence {a n } is obtained by the pre-coding scheme according to
where P is a N M × N M pre-coding matrix and
T denotes the original information. The pre-coding matrix P will be determined later. In (4), we use M (·) to denote the modulation mapping. Then the corresponding matrix form of (3) can be re-expressed as
where
T , and the ISI tap matrix is given by
where we can have m T = L 1 + L 2 + 1. Note that due to the application of the allpass filter B (z), L 1 may not be equal to L 2 . Since R only depends on the pulse shape and the time acceleration factor τ , the transmitter knows the exact information of R. Thus, the transmitter can perform an off-line singular-value decomposition (SVD) as
where U and V are unitary matrices, (·) * denotes the matrix conjugate transpose, and Λ = λ j
is a diagonal matrix formed by the singular values of R. Therefore, the pre-coding matrix at the transmitter can be set as P = V. In this way, the channel can be decomposed by multiplying U * to Y as
where the effective noise vector W = U * W is white Gaussian and with variance E W W * = N 0 2 I. Since Λ is a diagonal matrix, we can find that the original channel is decomposed into N M independent parallel sub-channels with equivalent channel coefficients hλ j for the j-th subchannel. Finally, the modulated symbols in the N M -tuple vector M (B) can be detected separately as simple as the hard demodulation.
In summary, our proposed scheme converts the channel to independent parallel sub-channels without any ISI for detection. Therefore, it is optimal in the sense that the ISI is totally eliminated. Moreover, two benefits can be achieved by our scheme. Firstly, our proposed scheme is based on the matrix multiplication, which can be efficiently computed parallel in practise [18] . In this way, the receiver detection delay can be reduced dramatically in fact. Compared with the VA and BCJR for the uncoded FTN, there is no extra judgement and loop operation in our proposed scheme. Since we avoid the VA and BCJR, the detection delay of our scheme is independent of the size of the ISI tap set. Besides, to achieve a higher transmission speed, a small time acceleration factor τ is favorable, which increases the ISI tap length. In this case, our proposed scheme is more attractive. Furthermore, the better allpass filter needs to be sought among B (z) obtained from truncation of s (t) to improve the performance of low delay algorithms, e.g., M -BCJR [11] . Fortunately, the performance of our scheme does not depend on the allpass filter. Thus, it is necessare to search the well-designed allpass filter.
III. ADAPTIVE TRANSMISSION STRATEGY
In the last section, we propose a parallel computational intersymbol interference cancellation scheme for the uncoded FTN. It is shown that the channel conditions of the resultant sub-channels depend on values of elements in the diagonal matrix Λ. We remark that Λ is determined by the pulse shape and the time acceleration factor τ . Figure 1 depicts diagonal elements of Λ for different τ when we choose s (t) to be a root raised-cosine (RC) pulse with 30% excess bandwidth and the information block length is 800 bits.
It is observed that elements in the diagonal matrix Λ are not equal, thus the sub-channels have different channel conditions. Further, when τ is smaller, the portion of subchannels with a good channel condition is reduced. Thus, it is inadvisable to apply a fixed modulation mapping M (·) to transmit symbols evenly over each sub-channel. Since the transmitter has the perfect knowledge of the diagonal matrix Λ, we can make full use of the condition of each subchannel to re-arrange the transmission adaptively, i.e., M (·) is not fixed. Our basic idea is that the symbols carrying more information bits are transmitted over the sub-channels with better channel conditions while symbols carrying less information bits are transmitted over the sub-channels with worse channel conditions. In the extreme case, some bad sub-channels are abandoned. We will present our adaptive transmission strategy in the following.
As a basic parameter, the minimum distance d min of signals in (1) plays a fundamental role in the error probability. Thus, it is reasonable to find a modulation mapping M (·) such that the minimum distance can be maximized. Consider signals x (t) generated by all the different sequences {a n } with a certain modulation mapping M (·). Let x i (t) and x j (t) be two of these, and their corresponding {a n } are different at least in one position. Then the least square Euclidean distance d 2 min for a certain modulation mapping M (·) can be expressed as
where C is a constant. Based on (9), M (·) can be chosen as
The complexity of the direct computation of (10) is prohibitive, especially when the information length is large. Thus, to implement above adaptive transmission strategy, we propose an algorithm to compute (10) suboptimally. Without loss of generality, we assume {λ n }, n = 0, 1, . . . , N M − 1 are in a descending order, i.e., Our suboptimal computation of (10) is depicted in Algorithm 1. First, we consider a 1-bit information sequence. Obviously, we use the first sub-channel to transmit this 1 bit, i.e., D 
Moreover, if there exist some sub-channels which are abandoned, an amplification factor β can be multiplied to the vector A in (4) Proof: The modulated symbols for each sub-channel can be denoted as
where 0 means the corresponding sub-channel is abandoned, which is located at the end of the vector M (B) since VOLUME 5, 2017
Consider a i , the i-th element of A, which can be expressed as
Thus, the average power of a i can be computed as
where E (·) is the expectation operator. The step (a) is obtained based on E d j
Taking the average of |a i | 2 for all possible i, we can get the average powerP
Since P = V is a unitary matrix, the columns of P form an orthogonal basis of C N M with respect to the usual inner product, i.e., for any j, we have
Substituting (16) into (15), we can obtainP =Ñ N M . Therefore, β can be set as
to make the entire transmitted blocks constant power.
Based on our proposed adaptive transmission strategy, (5) can be rewritten as
In this case, onlyÑ sub-channels are applied to transmit information with channel coefficient βhλ j for the j-th sub-channel.
IV. PERFORMANCE ANALYSIS AND SIMULATION RESULTS

A. PERFORMANCE ANALYSIS
In this subsection, we develop a method to evaluate the BER performance of the proposed scheme analytically. Regarding the FTN signaling system, previous works aim to analyze the error event rates based on the ISI trellis [19] , [20] . In our proposed scheme, the original channel is converted into N M independent parallel sub-channels. Moreover, the channel coefficient of each sub-channel is perfectly known by the receiver. For example, the channel coefficient of the j-th subchannel is βhλ j . Thus, the BER of each sub-channel can be calculated easily as a simple point-to-point hard demodulation problem with the knowledge of the underlying M (·). Finally, we can obtain the BER of our scheme by averaging the corresponding BER of sub-channels which carry information bits. In this way, the analytical BER can be computed exactly.
B. SIMULATION RESULTS
In this subsection, we evaluate the performance of the proposed scheme applied to the FTN signaling system and compare that with the offset VA and the offset BCJR algorithm. Here, we choose s (t) to be a root raised-cosine (RC) pulse with 30% excess bandwidth. The bit density is 2/τ bits/Hz-s, taking 3dB bandwidth. The signals are sampled with τ being 1 2, 1 3 and 1 4, i.e., a bandwidth efficiency 2, 3 and 4 times that of orthogonal-pulse root RC, respectively. The information length is set to be 800 bits. At the same time, we also show the performance of the competing Nyquist systems (τ = 1), based on 4ASK, 8ASK and 16ASK (with complex valued constellations, these correspond to 16QAM, 64QAM and 256QAM). First of all, we provide the simulation results for the uncoded FTN when τ = 1 2 in Figure 2 . We compare the bit error rates (BER) of our proposed scheme and the benchmarks with different ISI state size. Here, we use m to denote the length of the ISI tap set considered. In general, the smaller m we choose, the less detection delay the FTN signaling has. On the other hand, the reduction of the delay results in some performance loss for the offset VA and the offset BCJR algorithm. Note that both the offset VA and the offset BCJR algorithm aim to reduce the total size of the ISI states instead of the searched size of the ISI states. Thus, once the ISI trellis is fixed, all the ISI trellis states would be searched. From Figure 2 , we can find that our proposed scheme outperforms benchmarks in the all simulated SNR range. The performance gap is about 2.0dB at BER = 10 −4 compared with the offset VA, m = 6. Moreover, it is shown that when m = 2, the performance of the offset VA and the offset BCJR algorithm is worse than that of the competing Nyquist systems with 4ASK, which indicates that the potential benefits of the FTN signaling are hidden by the ISI. At the same time, it can be observed that our analytical performance can match the simulation result well. We remark that the performance improvement of the proposed scheme is based on two aspects. First, the pre-coding scheme at the transmitter and the decomposition detection at the receiver can eliminate the ISI completely. Second, the proposed adaptive transmission strategy makes full use of the conditions of the subchannels. Thus, more information bits are transmitted over the sub-channels with better channel conditions to improve the reliability. Simultaneously, we compare the power spectral density of FTN signaling before and after the proposed pre-coding scheme, and the results are shown in Figure 3 . From the figure, we can observe that no matter we consider the 3 dB bandwidth or the bandwidth above a small threshold value (e.g., 0 dB), the proposed pre-coding scheme would not broaden the spectrum. Actually, the pre-coding scheme could only alter the shape of the power spectrum of the FTN signals, which is also shown in [21] and [22] .
Furthermore, we simulate the FTN signaling system with τ = 1 3, which corresponds to more severe ISI. Figure 4 shows the BER in this scenario. From Figure 4 , we can observe that our proposed scheme can have a better performance compared with offset VA and the offset BCJR algorithm. For example, the proposed scheme can accomplish 2.2dB gain at BER = 10 −4 compared with the offset VA, m = 7. Note that in this scenario we need to consider more ISI states for the offset VA and the offset BCJR algorithm to improve the performance, which incurs more detection delay. At the same time, since our proposed scheme is independent of the ISI trellis, its detection delay does not increase. Additionally, we consider an even much more severe ISI scenario, i.e., the FTN signaling system with τ = 1 4. Figure 5 presents the simulation results in this scenario. From Figure 5 , we can find that the performance gap between our proposed scheme and the benchmarks becomes larger than that for τ = 1 2 and τ = 1 3. Simultaneously, more ISI states need to be considered by the offset VA and the offset BCJR algorithm to achieve a better performance, which incurs a noticeable increase of the detection delay. Therefore, we can find that our proposed scheme is more attractive in this scenario.
To further demonstrate the significant detection delay saving achieved by our scheme, we also compare the simulation running time of 100 blocks for the proposed scheme, the offset VA, and the offset BCJR algorithm in Table 1 . Since our proposed scheme has an adaptive transmission strategy, the time statistics in Table 1 include both the transmitter side and the receiver side for the purpose of a fair comparison. The simulation is built on MATLAB R2015a and carried on a Windows x64 machine with 3.6 GHz CPU and 4 GB RAM. It is observed that the running time of the proposed scheme keeps same for different values of τ as its detection delay is independent of the ISI trellis. However, the running time of both the offset VA and the offset BCJR algorithm increases exponentially with the number of states in the ISI trellis, which is determined by the value of m. Therefore, our proposed scheme is more attractive when there exists severe ISI in the FTN system with a smaller τ .
V. CONCLUSION
In this paper, we propose a novel parallel computational and high-performance intersymbol interference cancellation scheme for the uncoded FTN signaling. We employ a precoding and adaptive transmission strategy at the transmitter. The pre-coding matrix and the adaptive transmission strategy can be obtained off-line. Then, a simple yet optimal decomposition detection is applied at the receiver. The detection delay of our proposed scheme is independent of the ISI trellis, which allows the application of the FTN signaling with more severe ISI. The superior performance of the proposed scheme is verified by simulation results. As future research directions, we plan to extend the proposed scheme for the coded FTN signaling and investigate the optimal power allocation scheme for the sub-channels.
